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Calcium signalling: Ringing changes to the ‘bell-shaped curve’
Martin D. Bootman and Peter Lipp
The ‘bell-shaped’ curve relating cytosolic Ca2+
concentration to IP3 receptor activation is considered
important in the generation of the complex Ca2+ signals
seen inside many cells. But recent findings suggest this
bimodal relationship is not always evident and may not
apply to some IP3 receptor isoforms.
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The stimulation of cells with agonists that activate
phospholipase C, and hence increase the cytoplasmic
concentration of inositol 1,4,5-trisphosphate (IP3), often pro-
duces complex intracellular Ca2+ signals, such as Ca2+ waves
[1]. The key to understanding how Ca2+ waves propagate
was the observation that the Ca2+ wave velocity and concen-
tration gradient was maintained as the Ca2+ waves swept
across cells. This implies that Ca2+ waves propagate, not
passively by diffusion, but rather actively through sequen-
tial activation of Ca2+ release units that regenerate the Ca2+
wave as it travels. The mechanism underlying the regenera-
tive Ca2+ release process was the subject of much debate
until several groups showed that IP3 receptors are under
dual regulation by both IP3 and cytosolic Ca2+ (for review
see [2]). IP3 receptors were found to be activated synergisti-
cally by IP3 and low (< 1 µM) cytosolic Ca2+ concentrations,
but inhibited by high (> 1–10 µM) Ca2+ concentrations.
A graph in which the probability of IP3 receptor being in
the open state is plotted against the cytosolic Ca2+ concen-
tration yields a ‘bell-shaped’ curve (Figure 1). This has
provided the basis for a widely accepted mechanism of
Ca2+ wave propagation. Essentially, the IP3 produced
during cell stimulation was thought to rapidly diffuse into
the cytoplasm and equilibrate with its receptors, thus sen-
sitising them to Ca2+ and transforming the intracellular
Ca2+ stores into an excitable state An initially local Ca2+
rise would then trigger a regenerative Ca2+ wave, as a
result of continuous Ca2+-induced Ca2+ release from
liganded IP3 receptors at the wave front. When the Ca2+
concentration at the mouth of the open IP3 receptors was
sufficiently high, it would cause the receptors to close and
thus terminate the Ca2+ signal.
The bell-shaped dependence of IP3 receptors on cytosolic
Ca2+ has therefore been a central tenet for understanding
the generation and termination of Ca2+ signals. But an
accumulating body of evidence suggests that the bimodal
effect of Ca2+ on IP3 receptor activation is not always
apparent, and that perhaps only one of the three known
IP3 receptor isoforms displays this behaviour at all.
Cytosolic Ca2+ does not inhibit IP3 receptors when IP3 is
bound
The original observation of a bell-shaped dependence of
IP3 receptor opening on cytosolic Ca2+ used only modest
concentrations of IP3 to activate the channels. Under
these conditions a bell-shaped curve is expected. As the
concentration of IP3 is increased, however, the inhibitory
effect of Ca2+ becomes less pronounced (see [2] and refer-
ences therein). As recently reported in Current Biology,
Adkins and Taylor [3] have provided an elegant explana-
tion for this observation. They found that a high cytosolic
Ca2+ concentration could completely inhibit Ca2+ release
Figure 1
IP3 concentration and lumenal Ca2+ modulate the shape of the bell-
shaped curve. The figure illustrates how the steady-state open
probability (Po) of an IP3 receptor is altered depending on the
experimental context.
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evoked by a maximal concentration of IP3 if it was given
before the IP3. Reversing the order of application results
in a failure of high Ca2+ to inhibit the channel. Adkins and
Taylor [3] suggest that the high IP3 concentration effec-
tively maintains the IP3 receptors in an IP3-bound state, in
which the inhibitory Ca2+ binding site is occluded and at
the same time the activatory Ca2+ binding site becomes
accessible for cytoplasmic Ca2+.
This concept has some far-reaching consequences, not only
for the bell-shaped curve, but also for understanding how
Ca2+ signals spread and are terminated. At low levels of
stimulation, which evoke only modest increases in IP3, the
activation of an IP3 receptor is unlikely to trigger a propa-
gating Ca2+ wave, as its neighbours will not be liganded and
are therefore unable to respond. In fact, the diffusion of
Ca2+ from an activated IP3 receptor to surrounding chan-
nels will promote Ca2+ binding to their inhibitory sites and
prevent their opening. Adkins and Taylor [3] point out that
this ‘lateral inhibition’ of Ca2+ release is a similarity
between IP3 signalling and other biological signalling
systems, where it serves to enhance contrast. 
The data reported by Adkins and Taylor [3] also indicate
that a rise in cytosolic Ca2+ does not terminate Ca2+ release
from activated IP3 receptors. As liganded IP3 receptors are
insensitive to inhibition by cytosolic Ca2+, the release of IP3
or Ca2+ from the activatory site must force channel closure.
It should be mentioned that, although binding of IP3 pro-
tects receptors from inhibition by Ca2+, it does not neces-
sarily lead to promotion of Ca2+ channel opening. Indeed,
previous work from the Taylor lab [4] and others [5] has
indicated that liganded IP3 receptors undergo an intrinsic
desensitization that is independent of channel opening.
Therefore, IP3 receptors have a limited time window in
which to be activated by Ca2+ before the chance is lost.
The bell-shaped curve does not therefore apply when high
concentrations of IP3 are present, because IP3 prevents
Ca2+-dependent inhibition (Figure 1). At lower levels of
IP3, the bell-shaped curve still applies, but in the light of
the data from Adkins and Taylor [3] it can be viewed
simply as a curve that describes the steady-state competi-
tion between IP3 and Ca2+ binding. If Ca2+ binds first,
then the channel will be inactivated, but if IP3 binds first
then the channel may become activated. This scheme pre-
dicts that, as the IP3 level is elevated, increasing cytosolic
Ca2+ concentrations will be required to allow Ca2+ the
chance to bind before IP3 and inhibit the channel. This
effect has in fact been elegantly demonstrated, for example
in Xenopus oocytes [6].
Cytosolic Ca2+ does not activate IP3 receptors when Ca2+
stores are highly loaded
The activation of IP3 receptors requires IP3 and Ca2+
binding, but it might not necessarily require cytosolic
Ca2+. It has been demonstrated that Ca2+ within the
lumen of the intracellular stores can substitute for cytoso-
lic Ca2+. Missiaen et al. [7] have shown that, when Ca2+
stores are poorly loaded, then IP3 receptor activation
requires both IP3 and an elevation of cytosolic Ca2+. If
Ca2+ stores are highly loaded, however, then there is no
requirement for cytosolic Ca2+ — IP3 can activate Ca2+
release on its own (Figure 1). But lumenal Ca2+ does not
protect IP3 receptors from inhibition by cytosolic Ca2+, so
only the activatory part of the bell-shaped curve is lost [7]. 
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Figure 2
The steps leading to activation or inactivation
of IP3 receptors. The figure depicts the
interconversion of a single IP3 receptor that
starts in the basal state (yellow), depending
on IP3 binding and occupation of sites for
cytosolic and lumenal Ca2+ ions (blue
spheres). The colours denote different IP3
receptor configurations, with green and red
indicating open and closed states,
respectively. The amber coloured receptors
are neither activated nor inhibited. In each
case, the part of the receptor facing into the
cytosol is that above the plane of the
membrane, and that facing into the lumen is
below the plane of the membrane.
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The studies described above lead to the conclusion that
there is not a single bell-shaped curve relating cytosolic Ca2+
and IP3 receptor activation. Rather, the Ca2+-dependence of
IP3 receptor gating depends on various parameters. Further-
more, in light of the studies of Adkins and Taylor [3] and
others [4–7], a scheme can be devised to illustrate the steps
involved in IP3 receptor activation and inhibition (Figure 2).
The essential new finding is that IP3 binding acts as a mole-
cular switch between Ca2+ binding to the activatory or
inhibitory binding site.
It should be noted that the scheme depicted in Figure 2
does not represent the true location of Ca2+ binding sites
on IP3 receptors. In fact, it is not clear whether the
stimulatory and inhibitory effects of Ca2+ — cytosolic or
lumenal — are due to direct Ca2+ binding by IP3
receptors, or whether intermediary proteins are involved.
For example, some of the effects of cytosolic Ca2+ appear
to be mediated by interaction with calmodulin [8].
Indeed, changing the availability of calmodulin can modu-
late the appearance of the bell-shaped curve [8].
Cytosolic Ca2+ may not similarly affect all IP3 receptor
isoforms
Mammalian cells express three IP3 receptor isoforms,
with various ratios of each isoform present in different
cell types. There is some evidence to suggest that the
IP3 isoforms may have some functional distinctions.
Type 2 IP3 receptors, for example, have the highest
affinity for IP3, and are often found at sites where Ca2+
waves initiate. With regard to the bell-shaped curve, it
has been suggested that the different IP3 receptor iso-
forms may not be equally sensitive to inhibition by
cytosolic Ca2+. Both types 2 [9] and 3 [10] IP3 receptor
isoforms were found to be weakly inhibited by cytosolic
Ca2+. At present, type 1 IP3 receptors are the only
isoform to be consistently inhibited by high cytosolic
Ca2+ concentrations.
It should be mentioned that, although these studies point
to a difference in Ca2+-dependent inhibition of the IP3
receptor subtypes, this idea is not fully established. The
loss of accessory proteins, for example in studies of IP3
receptors in bilayers [9], could misleadingly indicate a lack
of Ca2+ sensitivity. Furthermore, functional IP3 receptors
can be heterotetrameric structures, comprising mixtures of
different IP3 receptor isoforms. The presence of a single
type 1 IP3 subunit within each tetramer might be suffi-
cient to mediate sensitivity to cytosolic Ca2+. In this case,
studies looking at the other isoforms in isolation [10] may
miss the Ca2+-dependent inhibition that normally occurs
when type 1 IP3 receptors are co-expressed.
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